Understanding the nutrient foramina is critical to clinical practice. An insult to the nutrient foramina can be caused by trauma and/or surgical dissection and lead to devascularization and bad outcomes. Few studies have looked at the humerus, and no studies have described relative information of humeral nutrient foramen related to anatomical structures that might be located by palpable landmarks. In this study, we analyzed the anatomical features of the nutrient foramina of the diaphyseal humerus and provide a discussion of clinical relevance.
Background
The physiology of bones, including their growth and repair, is dependent on their blood supply [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The major blood supply to long bones is provided by the nutrient arteries [8, 10] .
In the humerus, 90% of the blood supply to the diaphyseal cortical bone is supplied from the nutrient artery [8] . Menck et al. reported that the humerus is usually supplied by a single nutrient artery entering the nutrient foramen just below its midpoint [12] . Unfortunately, a significant proportion of humeral fractures are located in this area and will likely destroy the main nutrient artery [13, 14] . Clinicians should be aware that fractures passing through the foraminal area are likely to heal slowly or not at all [4, 14, 15] .
Fractures of the humeral shaft account for approximately 3% of all fractures [16, 17] . With advancements in bone fixation techniques and increasing pressure from patients, humeral shaft fractures are increasingly being treated surgically, which is associated with high costs and risks of complications [14, 17] . Inappropriate therapy or poor surgical technique can impair the foraminal area and nutrient artery, and therefore interfere with fracture union [6, 10] . Nonunion occurs 15-30% of the time, depending on the treatment [18] [19] [20] , leading to substantial additional cost [14, 21] . If surgeons were able to avoid the bone area containing the nutrient foramen during surgeries, improved management and outcomes would likely be realized [15] .
Therefore, an understanding of the anatomy of the nutrient foramina in long bones is critical to the success of surgical procedures and outcomes [1, 2, [4] [5] [6] 9, 10, 13, 15, [22] [23] [24] [25] .
Many scholars have studied the nutrient foramina of long bones [1, 2, 4, 5, 13, 15, [22] [23] [24] [25] [26] [27] . Most of these studies were performed many years ago, and mainly focused on the number, location, and direction of the nutrient foramina. Few studies were specific to the humerus, and study findings were limited to anatomical descriptions and often differed from one another [1, 15] . In addition, while anatomical structures can be identified by palpable landmarks in clinical practice, a palpable landmark for the nutrient foramina has not been described in the literature.
In this study, we systematically observed the anatomical features of nutrient foramina in humeral diaphysis. Based on these findings, we also provide a conclusive descriptive interpretation of previously published studies, which indicate that each humerus has one or two main nutrient arteries and several accessory arteries. Our study also provides novel data, including the diameter and symmetry analysis of the nutrient foramen. We also provide observations regarding the relative positions of the nutrient foramen and the surrounding muscles. Most importantly, we introduce a novel landmark index that will help clinicians to locate the nutrient foramen by palpation.
Material and Methods
The Ethics Committee of Shanghai Sixth People's Hospital Affiliated to Shanghai Jiao Tong University approved the study protocol. Nineteen adult Chinese cadavers (10 males and 9 females) were separately collected. The cadaver donors were free of any history of upper limb trauma or vascular or hemorrhagic diseases.
Our study was guided by findings from previous studies that showed the majority of the foramina were observed in the anteromedial portion of the mid-distal diaphysis [1, 2, 4, 5, 13, 15, 22, 23] . The foramina were first exposed by careful dissection to determine the relationship between the foramina and the surrounding muscles ( Figure 1 ).
Next, the soft tissues and periosteum were removed. As Laing [1] previously observed, the accessory nutrient arteries entered the posterior surface in the spiral groove, and these vessels were all small, with no nutrient foramina visible on the bone surface. Additionally, because our study aimed to benefit surgical outcomes, only macroscopic foramina of the diaphysis were included. All bone surfaces were systematically examined macroscopically so that small foramina would not be overlooked.
The nutrient foramina were identified by the presence of distal grooves and the canals, which were raised above the surface of the bone (Figure 1) . In ambiguous cases, we passed a fine wire through the foramen to confirm that it did indeed enter the medullary cavity. For bones with more than one foramen, all foramina in that bone were recorded.
For each limb, the number, direction, diameter, and location of the nutrient foramina were recorded. The anatomic surface bearing the foramen was also noted. Foramina within 1 mm of the anterior or medial border were considered to be on that border. The diameters of the nutrient foramina were measured using a sliding caliper that was accurate to 0.01 mm (Figure 2 ).
The transverse distribution of the foramina was recorded relative to the medial border. The longitudinal location of a foramen was determined by measuring its distance from both fixed points and apices at the proximal and distal ends of the bone; these measurements were then expressed as percentages of the palpable and maximal lengths. Measurements were made using a divider that was read on a scale graduated in millimeters.
While it is impossible to make perfectly precise measurements, all measurements were performed by one author using a standardized process to avoid inter-observer variability to the greatest extent possible.
Hughes introduced a formula to calculate the index (I) of the nutrient foramina away from the proximal ends [28] . To provide more practical information for clinical use in surgery, we modified the formula to create a landmark index (I') in this study. In clinical practice, especially in surgery, many anatomical structures can be located by palpation of landmarks on the body surface. Furthermore, because most of the foramina were observed in the anteromedial diaphyseal humerus, we selected the medial epicondyle and the greater tuberosity as two fixed points from which to calculate the landmark index; of these, the epicondyle is more easily palpable than the greater tuberosity. We calculated both indices from the distal end.
The formulas are expressed as I=DF/TL×100, where I is the foramina index, DF is the distance from the distal end of the bone to the nutrient foramen, and TL is the total length from apex to apex, and I'=CF/LL×100, where I' is the landmark index, CF is the distance between the medial epicondyle and the nutrient foramen, and LL is the distance between the medial epicondyle and the greater tuberosity ( Figure 3 ).
The bones were photographed with a digital camera. Data were analyzed with Pearson's correlation coefficient and the paired t-test using SPSS software (Statistical Package for the Social Sciences-SPSS Inc. v20, Chicago, IL, USA).
Results
In all limbs but one, the nutrient foramina were consistently found between the insertion of the coracobrachial muscle and the origin of the brachial muscle anterior and inferior to the coracobrachialis ( Figure 1 ).
The data are displayed in Table 1 . A total of 42 nutrient foramina were found in 38 humeri. Thirty-two (84.21%) humeri had a single nutrient foramen. Double foramina were observed in five (13.16%) humeri, while the foramen was absent in one (2.63%) humerus (Figures 4, 5 ). All nutrient foramina entered the diaphysis obliquely and were oriented distally in the direction of the elbow ( Figure 1 ). The mean foramen diameter was 1.11±0.32 mm (range 0.42-1.78 mm). All foramina were found on the surface from the medial to the anterior border. To illustrate the transverse distribution, we created a similar ratio of the distance from the medial border to the nutrient foramen and from the foramen to the anterior border. As shown in Figure  6 , there was a highly significant tendency for the foramina to . TL is the total length of the bone; DF is the distance from the distal end of the bone to the nutrient foramen; CF is the distance between the medial epicondyle and the nutrient foramen; and LL is the distance between the medial epicondyle and the greater tuberosity. TL -total long; D-C -distance from distal end of the bone to medial epicondyle; C-F -distance from the epicondyle to nutrient foramen; F-T -distance from nutrient foramen to greatest tuberosity.
be medial (97.62%). The mean total length was 305.12±16.29 mm (range 276-335 mm). The mean foramina index (I) was 43.76±4.94% (range 31.49-53.08%), and the mean landmark index (I') was 42.26±5.35% (range 28.20-52.53%). The nutrient foramina were located in the distal portion near the midpoint; the majority (73.81%) were located with a foramina index of 40-50% ( Figure 7 ).
Correlations between the transverse and longitudinal distributions, diameter and total length, and foramina and landmark indices were analyzed using Pearson's correlation coefficient. There was no significant correlation between the transverse and longitudinal distribution (r=-0.38, p=0.809) (Figure 8 ). Similarly, there was no correlation between the foramina diameter and the total humerus length (r=0.094, p=0.552) (Figure 9 ).
In contrast, a strong correlation was observed between the two indices (r=0.994, p<0.0001) ( Figure 10 ).
The availability of full cadavers allowed comparison of data between both sides of the body. The statistical data for the left and right sides are presented in Table 2 . Paired t-tests were performed for diameter, length, and nutrient foramina index. Specimens with absent or two foramina were excluded. No significant differences were observed between the left and right sides for diameter, length, and nutrient foramina index (p values: 0.713, 0.431, and 0.278, respectively).
Discussion
The arrangement of the diaphyseal nutrient foramina in the long bones usually follows a defined pattern in which the foramina are located on the flexor surface of the bones (anterior in the upper limbs and posterior in the lower) [15 23 ]. Dissection Figure 6 . The graph of transverse distribution showed that there was a highly significant tendency for the foramina to be medial (97.62%). 
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revealed that the main blood supply to the shaft of the humerus enters through a restricted surface area on the anteromedial aspect of the distal half of the shaft. This finding was consistent with most previously reported studies [1, 2, 4, 5, 15, 23] .
Among these studies, only Carroll and Forriol investigated the relationship between nutrient foramina and the surrounding muscles. Carroll measured the distances from the foramen to the apex of the deltoid insertion [15] . Forriol found that the location of the nutrient foramina was below the insertion of the coracobrachialis muscles [4] . Because the main nutrient arteries enter the humerus medially, it is appropriate to observe the relative locations between the nutrient foramina and the medial muscles. Our findings were consistent with Table 2 . Statistic data of nutrient foramina on different sides. Longitudinal distribution 1642 those of Forriol. We believe this information will assist surgeons in locating the nutrient foramina during surgery, thereby preserving the circulation in the region. Kizilkanat suggested a direct relationship between the position of the nutrient foramina and a continuous blood supply because the foramina were always located near major muscle attachments [2] . This may also explain the location of the nutrient foramina in the diaphyseal humeri.
The observation that the majority of the humeri had a single nutrient foramen is consistent with most studies, including those conducted with different races [1, 2, 4, 5, 13, 15, 23] . As we observed, some authors also reported a small number of humeri with no foramina [5, [22] [23] [24] . Nutrient arteries divide into ascending and descending arteries after entering the cortex of the bone [10] . In the humerus, this division may take place outside the cortex, with each branch having its own canal and nutrient foramen [1] . This could explain the humeri with two foramina that were observed by our team and by other researchers. In Mysorekar's study, 42% of the specimens (from Hindu patients) had more than one nutrient foramen, and 19% of the foramina were found in the spiral groove [22] . Because the other two authors from India reported conclusions similar to those of most studies, we rejected the idea that the differences observed could be attributed to race; instead, we surmised that Mysorekar might have noted the foramina of both the main and accessory nutrient arteries on the basis of Laing's definition [1] . Laing and Forriol reported that the main nutrient foramina were always found on the anteromedial surface of the bone [1, 4] . Laing also stated that one or several accessory arteries of the humerus arise from the profunda brachii and enter the posterior surface in the spiral groove [1] . This can explain the humeri that were observed to have more than two foramina or foramina on the posterior surface. The accessory nutrient arteries varied in number, and their foramina were too small to identify with the naked eye [1, 4] . Therefore, the main nutrient foramina are more clinically meaningful during surgery.
Previous studies have focused largely on the direction and orientation of the nutrient foramina. Some authors have proposed theories to account for the generally consistent direction of the nutrient foramina as well as the anomalously directed ones. Among these, the "vascular theory" proposed by Hughes and favored by most authors offers the best explanation for both the normal nutrient foramina and anomalies [11, 23, 24, 27, 28] . Hughes stated that the foramina were directed away from the growing end, which was the proximal end in the case of the humerus, and anomalous foramina are frequently observed in the femur but rarely occur in the radius and other bones. In his article, Hughes also noted that anomalous foramina were extremely rare in the human femur but were common in other species [28] . In the present study, we observed that the foramina were consistently directed toward the elbow. Previous authors have demonstrated that the obliquity and location of the nutrient foramina are not significantly correlated with the known bone age [22, 24] , which supports the vascular theory.
The diameter of the nutrient foramina in human long bones has been reported in only a few papers. Because there have been no reference data on the humerus to date, the results reported here are novel data. In some studies, when a bone had more than one foramen, the larger was considered the main foramen [15, 22] . Mysorekar reported reciprocity between foraminal sizes in humeri with two foramina [22] . In the studies of Kizilkanat and Longia, on the other hand, some humeri were found to have two nutrient foramina, neither of which was dominant and with no reciprocity observed in their size [2, 23] . In our series, we observed one humerus that had two foramina with the same diameters (Specimen 10). We also observed no relationship between the foraminal size and their proximal or distal location. Some authors discussed the concept of acquired disposition [15, 25] . Carroll observed a significantly greater proportion of large foramina on the right side and attributed this to the increased function of the right arm, which is usually dominant [15] . Sendemir proposed that the difficult living conditions experienced by warriors might play a role in the differences observed between ancient and modern humans after studying the lower limb long bones of 305 unearthed ancient skeletons [25] . We analyzed the data from our sample and found no significant differences between left and right sides (p=0.713). Because all of our specimens were Chinese, this observation may not necessarily be extrapolated to other populations.
According to Patake, the number of foramina is not significantly related to the length of the bone [27] . In our series, the mean total bone length was 305.12±16.29 mm. We analyzed the relationship between foramen size and humerus length and found no correlation (r=0.094, p=0.552). This suggests that clinicians cannot estimate the size of nutrient arteries by their patients' body size.
There is no currently available method for comparing data from different studies other than the foramina index [25, 28] . Because this is a theoretical parameter that cannot be applied to clinical practice, we introduced the landmark index. The epicondyles are more prominent than the proximal landmarks, and the medial epicondyle is on the same border as the nutrient foramina; therefore, we modified the indices by calculating them from the distal end. One method based on specific landmarks has been applied by Carroll, who measured the distance between the foramen and the medial epicondyle. However, he reported these in the form of an absolute distance, which could be easily affected by differences in the total length of the humerus [15] . In our study, the foramina index was similar to those reported in previous studies after conversion. We also found a strong correlation between the two indices, with a correlation coefficient of 0.994 (p<0.0001).
